We report here on a theoretical model for the electronic structure and transport properties of superlattice nanowires, considering their cylindrical wire boundary and multiple anisotropic carrier pockets. The thermoelectric properties of superlattice nanowires made of various lead salts ͑PbS, PbSe, and PbTe͒ are investigated as a function of the segment length, wire diameter, crystal orientation along the wire axis, and the length ratio of the constituent nanodots of the superlattice, based on the Kronig-Penney potential for each one-dimensional ͑1D͒ subband and on the 1D Boltzmann transport equations. A potential barrier-well inversion induced by quantum confinement, which is a unique phenomenon in superlattice nanowires, is predicted as the wire diameter decreases. ZT values higher than 4 and 6 are predicted for 5-nm-diameter PbSe/PbS and PbTe/PbSe superlattice nanowires at 77 K, respectively. These ZT values are significantly larger than those of their corresponding alloy nanowires, indicating that superlattice nanowires are promising systems for thermoelectric applications.
I. INTRODUCTION
Studies on low-dimensional systems, such as onedimensional ͑1D͒ quantum wires and 2D superlattices, have attracted considerable attention, spurred on by the urge to develop smaller and faster electronic devices and by the hope to exploit their unusual properties for improved performance in various applications, such as optics, 1,2 microelectronics, 3 thermoelectrics, 4 -6 and magnetics. 7 Due to the large surfaceto-volume ratio for enhanced surface effects and possible quantum confinement effects, these nanostructured materials are expected, and in some cases have been demonstrated, to exhibit dramatically different behaviors that are absent in their bulk counterparts, and can benefit certain applications. For example, Hicks and Dresselhaus 8, 9 have predicted enhanced performance for thermoelectric applications in 1D and 2D systems compared to their counterpart bulk materials, due to both a sharper density of states in lowdimensional systems for enhanced thermopower and an increased phonon scattering for reduced lattice thermal conductivity. Thermoelectric refrigeration based on nanostructures has other advantages, in addition to improved performance, in that a very small active region with a much shorter response time than those of bulk thermoelectric devices or conventional mechanical cooling systems can be achieved, which is of great interest for modern microelectronics where the efficiency bottleneck is usually limited by certain local hot spots. It is expected that by integrating nanostructured thermoelectric materials into critical regions of microelectronic circuits, the excess heat that limits the device performance can be effectively removed.
Theoretical calculations and experimental investigations of the thermoelectric properties of low dimensional 1D and 2D systems have been pursued extensively for various materials. 6, 10, 11 Since the enhancement in thermoelectric properties is anticipated to be more pronounced as the dimensionality decreases, 0D structures hold even greater promise than 1D and 2D systems. However, unlike 1D or 2D systems, where at least one of the directions is not quantum confined and thus can provide electrical conduction, 0D structures, such as quantum dots, are confined in all directions, and this may present difficulties for some applications.
To utilize the unique properties of quantum dots for situations where electron conduction is required, it is necessary to devise some means for carrier transport ͑e.g., tunneling or hopping͒ between individual dots. For this purpose, several novel structures based on quantum dots that capture the essence of 0D structures and enable transport phenomena have been proposed and synthesized, such as quantum dot array superlattices 4 and superlattice nanowires. 12 These new structures have shown great promise in the context of thermoelectricity, and Harman et al. have measured an impressive thermoelectric performance of ZTϳ2 at 300 K for PbTeSebased quantum dot superlattices, 4 compared to a highest ZT of ϳ1 for conventional bulk materials. 11 A possible mechanism for this enhanced thermoelectric performance has been proposed 13 to be due to the miniband formation in coupled 3D quantum dot arrays. Other nanostructures based on quantum dots that are of great interest for thermoelectricity are superlattice nanowires ͑SLNW's͒ ͓see Fig. 1͑a͔͒ , which consist of a series of interlaced nanodots of two different materials ͑denoted by A and B). In the superlattice nanowire ͑SLNW͒ structure, the electronic transport along the wire axis is made possible by the tunneling between adjacent quantum dots, while the uniqueness of each quantum dot and its 0D characteristics are maintained by the energy difference of the conduction or valence bands between different materials ͓see Fig. 1͑b͔͒ . The band offset not only provides some amount of quantum confinement, but also creates a periodic potential for carriers moving along the wire axis, which may result in a sharper density of electronic states than is present in ordinary 1D systems. This new structure is especially attractive for thermoelectric applications, because the heterogeneous interfaces between the nanodots can reduce the lattice thermal conductivity by blocking the phonon conduction along the wire axis, 14 while electrical conduction may be sustained and may benefit from the unusual electronic band structures due to the periodic potential perturbation. These one-dimensional heterogeneous structures also hold promise in other applications, such as nanobarcodes, 15 nanolasers, 16 1D waveguides, and resonant tunneling diodes. 17 Various approaches have been developed to synthesize superlattice nanowire structures with different materials. Co/Cu superlattice nanowires were first fabricated in nanoporous templates using electrochemical deposition, 12 and more recently, researchers have successfully synthesized highly crystalline semiconductor superlattice nanowires ͑e.g., Si/SiGe, 15 GaAs/GaP, 16 and InP/InAs
18
͒ by the vapor-liquidsolid growth mechanism. Due to the structural complexity and the materials diversity in these quantum dot-based systems, it is essential to develop a model to understand the behavior and to predict properties of interest in these novel structures, especially for practical applications and device optimization.
In this paper, we present a general theoretical model for the electronic structure and transport properties of superlattice nanowires, which explicitly takes into account the cylindrical wire boundary conditions, the diameter-dependent band offsets for the periodic potential along the wire axis, and the multiple anisotropic carrier pockets. The density of electronic states and the dispersion relations for each quantum subband in superlattice nanowires are presented in Sec. II using the Kronig-Penney model. With the electronic band structures thus obtained, a transport model based on the 1D Boltzmann transport equations is then developed. The effect of the superlattice structure on the phonon thermal conductivity, which is an important factor determining the thermoelectric performance, is also discussed. In Sec. III, the established transport model is utilized to study the thermoelectric properties of superlattice nanowires made of various lead salts ͑PbS, PbSe, and PbSe͒ at 77 K, which is a temperature of interest for cryogenic cooling. The lead salts are chosen for our studies of superlattice nanowires because they are conventionally good thermoelectric materials with wellestablished transport properties. The thermoelectric properties of these lead salt superlattice nanowires, with particular attention to PbS/PbSe systems, are investigated to elucidate their performance dependence on the segment length, wire diameter, crystal orientation along the wire axis, and the length ratio of the constituent nanodots ͑see Fig. 1͒ .
II. THEORETICAL MODEL OF SUPERLATTICE NANOWIRES

A. Electronic band structure
In superlattice nanowires, their transport and other electronic properties are determined by the electronic band structure, which exhibits dramatically different features from that of a simple 1D nanowire or bulk materials. To model the electronic band structure of superlattice nanowires, we assume that each segment has a circular cross section with a uniform wire diameter d w ͓see Fig. 1͑a͔͒ , and the carriers in each cylindrical nanodot are confined by an infinite potential at the wire boundary ͑the cylindrical sidewall͒, which is a good approximation for nanowires embedded in a wide band gap insulating matrix or for free-standing nanowires. We also assume that each nanodot consists of a sufficient number of atoms so that the effective-mass theorem is valid to describe the local electronic properties of a nanodot by the bandstructure parameters of the bulk material.
For the following discussions, the z axis is chosen to be along the wire axis, and we first consider the electronic structure in one nanodot ͓material A in Fig. 1͑a͒ , for example͔. Due to the quantum confinement normal to the wire axis, quantized subbands are formed in the nanodot. These confined electrons are described by the wave function
where the superscript A denotes the material type, nm (x,y) is the quantized wave function normal to the wire axis that is classified by the quantum numbers (n,m), and k represents the electron wave vector along the wire axis (z axis͒. In Eq. ͑1͒, the plane wave function exp(ikz) emphasizes the unrestricted motion for electrons in the z direction within the nanodot. The energy corresponding to the electronic states of Eq. ͑1͒ is given by
where E C A is the energy of the conduction band edge for bulk material A, ⑀ nm A is the quantization energy of the (n,m) subband, and m z A is the transport effective mass along the wire axis. We note that the quantization energy ⑀ nm and the corresponding wave function nm (x,y) both depend on the geometry of the wire cross section, the wire diameter, and the carrier effective masses. For cylindrical 1D wires with anisotropic carrier mass tensors, the approach to calculate the wave function nm and the quantized energy ⑀ nm has been described in Ref. 10 .
By arranging the two types of nanodots (A and B) into a superlattice nanowire ͓see Fig. 1͑a͔͒ , the electrons in the (n,m) subband will experience a periodic square-well potential U(z) with an energy barrier height
when traveling along the wire axis ͓see Fig. 1͑b͔͒ . Although independent quantum dots possess discrete energy levels like that of atoms, superlattice nanowires exhibit 1D-like dispersion relations along the wire axis due to the wave-function leakage across the finite barrier height ⌬E nm between quantum dots. The ͑sub͒ band offset energies ⌬E nm are usually different from that of bulk materials (E C A ϪE C B ) due to the quantum confinement energy ⑀ nm for each type of quantum dot. ⌬E nm may also depend on the subband index (n,m) and the wire diameter d w .
According to the Bloch theorem, 19 the eigenfunction (z)
of the Schrodinger equation for electrons in a superlattice structure with a periodic potential U(z) takes a different form from exp(ikz), and (z) must be of a special periodic form:
͑zϩL͒ϭexp͑iL͒͑z͒,
͑4͒
where is the 1D wave vector of electrons moving along the superlattice nanowire, and LϭL A ϩL B is the periodic length of the superlattice nanowire. It should be pointed out that in Eq. ͑4͒ describes the energy-momentum relation of the entire superlattice nanowire, while k appearing in Eq. ͑1͒ is a property related to one nanodot only. We note that while the electronic wave function in each nanodot is described by linear combinations of Eq. ͑1͒, the overall envelope wave function of electrons in the superlattice nanowire should be expressed as
The energy of electrons described by Eq. ͑5͒, which can be solved as a function of using the Kronig-Penney model, constitutes the important dispersion relation E nm () of the (n,m) subband in the superlattice nanowire. Assuming a periodic square-well potential along the z axis, the conservation of the electron flux along the z axis is taken into account by the following boundary conditions at the interfaces:
For electrons with energies above the potential barrier (E уE C B ϩ⑀ nm B ), the wave functions in each nanodot can be expressed as
where a, b, c, and d are constants to be determined, and
By applying the boundary conditions of Eqs. ͑4͒, ͑6͒, and ͑7͒ to Eqs. ͑8͒ and ͑9͒, and eliminating the four constants (a -d), we obtain the following dispersion relation for :
Similarly, for electrons with energies below the potential barrier (E C A ϩ⑀ nm A рEϽE C B ϩ⑀ nm B ), the wave vector is determined by 20 cos͑L
where
The density of states, D nm (E), of the (n,m) subband is related to the energy dispersion relation by
.
͑15͒
We note that, due to the periodic potential perturbation, the density of states ͓D nm (E)͔ in a superlattice nanowire may possess a very different energy dependence from that of a simple nanowire ͓see Eq. ͑2͔͒. The electronic band structure Fig. 2͑a͒ that for very short superlattice periods (L A ϭ1 nm), the electronic band structure approaches that of an alloy system ͑alloy limit͒ with a density of states similar to that of a simple 1D system ͓see Fig. 2͑a͔͒ . In this limit, the onset of the density of states corresponds to an effective band edge in the middle of the potential well, and this effective band edge is equal to the average of the periodic potential ͓see Fig. 2͑a͔͒ . As the segment length increases, the density of states ͑or the number of states͒ begins to develop minibands and minigaps in the subband structure ͓see Figs. 2͑b͒ and 2͑c͔͒, exhibiting features unique to the superlattice nanowires. The widths of these minibands are usually very narrow ͓ϳ1 meV for the first miniband in Fig. 2͑b͔͒ for energies below the potential well (EϽ0), yielding a ␦ function-like density of states in the potential well, as represented by vertical lines in Figs. 2͑b͒ and 2͑c͒, which is similar to the discrete states of quan-tum dots. It is found that the width of these minibands generally increases and the miniband gap decreases with increasing energy. We also note that the number of these narrow minibands in the potential well increases with increasing segment length ͓see Fig. 2͑c͔͒ . And for long segment lengths (L A у60 nm), these minibands become so close to each other in energy that they may be approximated by a continuum, if the minigaps are much smaller than the thermal energy ͓see Fig. 2͑d͔͒ . In this long segment length limit, the density of states of the superlattice nanowire is approximately equivalent to the averaged density of states of the two constituent materials ͑classical limit͒. In the following, we define the alloy and classical limit for superlattice nanowires that have very short and very long periods with the electronic subband structures shown in Figs. 2͑a͒ and 2͑d͒, respectively. It is also worth noting that in Fig. 2͑c͒ , while the minibands are well separated in energy for states with energies in the potential well (Eр0), the electronic band structure approximates the continuum of the classical limit for electrons with energies above the potential barrier (EϾ0).
The dramatically different electronic band structures of superlattice nanowires shown in Fig. 2 can be qualitatively categorized, based on different length and energy scales: the electron de Broglie wavelength ⌳ e , the segment length L A or L B , the mini-gap energy ⑀ g , and the thermal energy k B T. In the potential well region ͓e.g., in the nanodot made of material A in Fig. 1͑b͔͒ , the energy separation between two minibands 21 is on the order of ⑀ g ϳ(ប/L)ͱV b /2m z A , and the wavelength of electrons with energy near the potential barrier is approximately ⌳ e ϳ2ប/ͱ2m z A V b . When the segment length is much shorter than the de Broglie wavelength ⌳ e , a full electronic wavelength would cover many superlattice periods, so the electrons only experience an averaged potential without noticing the detailed potential structure as they travel along the nanowire ͑alloy limit͒. On the other hand, if the thermal energy k B T is much larger than the minigaps ⑀ g , the minibands can be treated as continuous states due to the thermal smearing ͑classical limit͒. We define two dimensionless quantities
for the determination of the subband structure. The criteria for the alloy limit is then given by LӶ⌳ e or Ӷ1, while the condition for the classical limit is ⑀ g Ӷk B T or Ӷ1. Table I lists the calculated values of and corresponding to the parameters in Fig. 2 at Tϭ77 K. We note that is calculated to be 0.13 for L A ϭ1 nm ͓Fig. 2͑a͔͒, and is 0.16 for a segment length of 60 nm ͓Fig. 2͑d͔͒, indicating that Շ0.1 and Շ0.1 are satisfactory criteria for identifying the alloy limit and the classical limit, respectively, for the subband structures of superlattice nanowires. For superlattice nano- wires with unequal segment lengths, it is found that these conditions of and for the alloy and classical limits still hold for 0.1ϽL A /L B Ͻ10.
B. Electrical transport properties
With the dispersion relation E nm () of each subband thus obtained, important transport properties can be derived based on the Boltzmann transport equations for 1D systems. 10 For simplicity, we use the constant relaxation-time approximation to calculate the following fundamental integrals for the conduction band:
where ␣ϭ0,1, or 2, e is the relaxation time for electrons, E F is the Fermi energy, f (E) is the Fermi-Dirac distribution function, and the summation is over all subbands for all electron pockets. A similar expression for holes is given by
The electrical conductivity , the Seebeck coefficient S, and the electrical contribution to the thermal conductivity e are then obtained from K ␣ by
Since there is no general expression for the density of states ͓D(E)͔ of superlattice nanowires, the calculation of the integrals in Eqs. ͑18͒ and ͑19͒ usually requires a considerable amount of computing resources. However, for subbands in the alloy or classical limits, the computational task can be greatly simplified by adopting analytical expressions for D(E) for these two limiting conditions.
C. Lattice thermal conductivity
The phonon transport in superlattice nanowires is influenced by additional phonon scattering at the wire boundary and at the interfaces between the quantum dots. It is expected that the lattice thermal conductivity should be significantly reduced as the wire diameter or the segment length becomes smaller than the bulk phonon mean free path. The lattice thermal conductivity for superlattice nanowires has been modeled, based on the phonon Boltzmann transport equations with diffuse mismatch interface conditions.
14 Assuming a diffuse nanowire boundary for phonons, which is a good approximation for nanowires with rough or imperfect surfaces, the phonon thermal conductivity SL of superlattice nanowires is given by 14, 22 
where , C, and v are the lattice thermal conductivity, heat capacity per unit volume, and sound velocity of the bulk material (A or B), respectively. t AB ͑or t BA ) is the phonon transmissivity from nanodot A to nanodot B ͑or B to A), which is defined as the probability of phonon energy transfer through the A-B ͑or B-A) interface. ␣ A ͑or ␣ B ) is a geometric factor that only depends on the aspect ratio L A /d w ͑or L B /d w ) of the nanodots, and it has values between 0.75 and 1 for cylindrical wires.
14 In Eq. ͑23͒, the contributions of the segment interface and the wire boundary scattering processes to the lattice thermal resistivity are contained in the third and fourth terms, respectively, and the first two terms in Eq. ͑23͒ account for intrinsic phonon-scattering events present in bulk materials. Using the diffuse mismatch model 22, 23 approximation for segment interfaces, t AB is given by
and t BA ϭ1Ϫt AB . Equation ͑23͒ can then be rearranged as
where ⌳ A and ⌳ B are the phonon mean free paths of bulk materials A and B, respectively, which are derived from kinetic theory,
It is convenient to define an effective phonon mean free path ⌳ eff for one segment (A, for example͒ in the superlattice nanowire by
and the corresponding effective thermal conductivity eff in each segment by
which implies effective phonon-scattering lengths of 3L A /4 and ␣ A d w for interface and wire boundary scattering, respectively. The lattice thermal conductivity SL can then be concisely expressed in terms of a series of two nanodots (A and B) with effective thermal conductivities A,eff and B,eff by
It should be noted that the derivation of Eq. ͑23͒ assumes a linear phonon dispersion relation with a constant sound velocity, which is only valid for temperatures much lower than the Debye temperature. A more accurate description for the lattice thermal conductivity of superlattice nanowires that takes into account a nonlinear phonon dispersion relation at higher phonon frequencies can be obtained by replacing the product of the heat capacity and the sound velocity Cv in Eqs. ͑23͒-͑26͒ with the integration of C()v() with respect to the phonon frequency , ͐C()v()d.
III. LEAD SALT SUPERLATTICE NANOWIRES
In this section, we apply the electronic band model and transport equations developed in Sec. II to investigate the thermoelectric properties of superlattice nanowires composed of lead salts ͑PbTe, PbSe, and PbS͒. Lead salts and their alloys are narrow-gap semiconductors that have been widely studied. They have well-established electronic properties because of their potential for tunable photoelectronic devices in the infrared and visible range. 24 Lead salts have also been found to be promising thermoelectric materials, going back to the early stage in thermoelectrics research, and PbS and PbTe were used in the first thermoelectric generators and cooling units, respectively. 25 Recently, a thermoelectric performance twice as high as the best conventional thermoelectric material has been demonstrated by lead salt quantum dot arrays, 4 suggesting that superlattice nanowires consisting of lead salt quantum dots may also be promising thermoelectric materials.
A. Electronic band structure
The lead chalcogenide family ͑PbTe, PbSe, and PbS͒ constitutes an attractive model system to study the effect of the superlattice structure on the transport properties of nanowires, because of their simple crystal and electronic structures with well-known properties over a wide temperature range. These lead salts all possess the same NaCl-like facecentered lattice structure with lattice constants a 0 ϭ5.94 Å, 6.12 Å, and 6.46 Å for PbS, PbSe, and PbTe, respectively, 26 and they all have similar direct-gap semiconductor band structures. The constant energy surfaces for the conduction and valence bands of these lead salts are prolate ellipsoids of revolution centered at the four equivalent L points in the Brillouin zone, and the major axes of these ellipsoids are in the ͓111͔ directions. 26 There is a considerable band offset when combining two dissimilar lead salts together, and this band offset provides carrier confinement between quantum dots. The band structures of lead salts in bulk form have been studied extensively, and some of the important temperaturedependent parameters related to their transport properties are listed in Table II . To minimize the lattice mismatch at the heterogeneous interfaces, we choose to study PbS/PbSe and PbSe/PbTe superlattice nanowires in this paper, with particular emphasis on the PbS/PbSe systems. We note that the lattice mismatch may not be as significant an issue in superlattice nanowires as in superlattice thin films, since researchers have found that in superlattice nanowires, the lattice strain can be laterally relaxed to avoid defects at the interface. 18 Based on the band-structure parameters in Table II , we first calculate the quantized subband energy ⑀ nm related to the confinement of the wire boundary in the x-y directions and the transport effective masses m z along the wire axis. Since the carrier pockets of these lead salts are highly anisotropic, ⑀ nm and m z are dependent on the crystallographic direction of the wire axis. For wires oriented along the ͓001͔ direction, the four L pockets are all degenerate and are denoted as L (4) ; for wires oriented along the ͓111͔ direction, this fourfold degeneracy is lifted, resulting in two inequivalent groups of carrier pockets: a single pocket with its major axis along the wire axis ͑denoted as L (1) ), and the other three pockets that are still degenerate in energy ͑denoted as L (3) ). The subband energy ⑀ nm , which is inversely proportional to d w 2 , is calculated for the three lead salts at 77 K for two wire orientations ͓͑001͔ and ͓111͔͒, and the results are listed in Tables III and IV for the first five subbands for the electrons and holes, respectively. The transport effective masses along the wire axis of the various lead salts and orientations are given in Table V . We note that since the L (1) carriers of these lead salts usually have their largest mass component along the wire axis and their smallest mass components in the quantum confined directions, they possess a 
larger subband energy and a heavier transport effective mass along the wire axis compared to other pockets. The subband energy and the transport effective masses in each segment are the fundamental parameters in determining the subband offset ͓see Eq. ͑3͔͒ and the subband dispersion relation E nm () of the superlattice nanowires. Assuming an equal bulk band offset for the conduction and valence bands in a heterogeneous structure constructed from two lead salts and choosing the zero energy to be at the middle of the bulk band gap, the (n,m) subband edge energy of a segment made of material X ͑PbS, PbSe, or PbTe͒ is given by
for electrons (ϩ) and holes (Ϫ), where nm ϭ⑀ nm •d w 2 is a diameter-independent parameter, with values given in Tables  III and IV for electrons and holes, respectively.
It should be noted that the potential barrier and well regions of a bulk heterogeneous structure may be inverted in a superlattice nanowire due to this diameter-dependent subband energy ⑀ nm . For example, Fig. 3 shows the first subband edge energies of PbS, PbSe, and PbTe nanodots oriented in the ͓001͔ direction as a function of wire diameter at 77 K. In bulk form, the band-gap (E g ) relation of the three lead salts is PbSeϽPbTeϽPbS, and hence PbSe constitutes the potential-well region for electrons in PbSe/PbS or PbSe/ PbTe heterostructures, as depicted by the upper-right inset of Fig. 3 . However, as the wire diameter decreases, the subband edge energy of PbS nanodots increases at a slower rate than that of PbSe or PbTe nanodots because of the heavier carrier effective masses in PbS, and the first subband energy of PbS nanodots crosses that of PbTe and PbSe at d w ϳ18 and 10 nm, respectively. The insets in Fig. 3 sketch the relative energy levels of the first subband edge of these lead salts in three different diameter ranges, showing that for smalldiameter superlattice nanowires ͑e.g., PbSe/PbS͒, some of the subbands in the nanowire may undergo a potential barrier-well inversion when the subband edge energies of PbS nanodots become lower than those of the corresponding PbSe subbands. Due to the carrier anisotropy of these lead salts, the critical wire diamter for the potential barrier-well inversion is also dependent on the crystallographic direction, and for the ͓111͔ orientation, the lowest-lying L e (3) conduction subband of PbS crosses those of PbSe and PbTe at d w ϳ16 and 10 nm, respectively. This subband edge crossing and barrier-well inversion induced by quantum confinement, which is absent in other systems, such as 2D superlattice thin films, are unique properties of superlattice nanowires, and they hold important implications for carrier transport phe- nomena. Since the theoretical formalism developed for superlattice nanowires in Sec. II treats the potential well A and barrier B symmetrically, the effect of this potential barrierwell inversion can be readily addressed in the following model calculations for lead salt superlattice nanowires. We note that since the band offset vanishes at the crossing of corresponding subbands of the two materials, the carriers in that subband may travel along the wire like free carriers without the potential barrier, which may be desirable for certain transport-related applications. It is also interesting to compare this potential-well inversion in superlattice nanowires to the semimetal-semiconductor transition observed in Bi nanowires, 10 which results from the subband crossing due to a diameter-dependent phase diagram. Figure 4 shows the calculated density of states of the conduction band for ͓001͔ PbSe/PbS superlattice nanowires as a function of energy at 77 K with a wire diameter of d w ϭ10 nm and equal segment lengths L PbSe ϭL PbS ϭ5 nm. The density of states of PbS 0.5 Se 0.5 alloy nanowires with the same diameter and orientation is also plotted in Fig. 4 for comparison. We note that for alloy nanowires, the singularities in the electronic density of states correspond to individual 1D subband edges ⑀ nm , and for each subband the density of states varies as (EϪ⑀ nm )
Ϫ1/2
. In contrast, the density of states for superlattice nanowires usually exhibits a more complicated energy dependence with additional singularities resulting from the minigaps, as indicated by the arrows in Fig. 4 . The superposition of multiple subbands further enriches the behavior of the density of states in superlattice nanowires, as those shown at Eϳ450 meV. It should also be pointed out that the density of states profile of these lead salt superlattice nanowires is highly sensitive to the crystal orientation because of their multiple anisotropic carrier pockets. These interesting features in the dispersion relation along the transport direction, which are absent in either simple nanowires or in 2D superlattice systems, are unique to superlattice nanowires, and they are responsible for some unusual transport properties predicted in the superlattice nanowires, as will be discussed in the following section.
B. Transport and thermoelectric properties
In this section, we calculate transport properties for superlattice nanowires composed of various lead salts, and we investigate their potential for thermoelectric applications, based on the electronic band structure model and the transport equations developed in previous sections. The thermoelectric performance is usually measured in terms of a dimensionless figure of merit ZT, defined as where S, , and are the Seebeck coefficient, electrical conductivity, and the thermal conductivity ͑including contributions from electrons and phonons͒, respectively. Figure 5 shows the calculated Seebeck coefficient and electrical conductivity as a function of Fermi energy for ͓001͔ PbSe/PbS superlattice nanowires with a diameter d w ϭ10 nm and segment lengths L PbS ϭL PbSe ϭ5 nm at 77 K, as well as the calculated results for PbS 0.5 Se 0.5 alloy nanowires with the same diameter and crystal orientation. The relaxation times of electrons and holes, required for calculating various transport-related integrals ͓see Eqs. ͑18͒ and ͑19͔͒, are derived from the carrier mobility of bulk materials 27 using the relation ϭe/m*, as listed in Table VI for various lead salts at 77 K. However, we note that the carrier mobility of low-dimensional systems may possess different values from those of their bulk counterparts. It is expected that may be lowered due to the extra scattering at the wire boundary and the heterogeneous interfaces, whereas the reduction in available final states for scattering events in lowdimensional systems may increase . Therefore, careful experimental studies are required to obtain a more accurate estimate for and to further improve model calculations.
As shown in Fig. 5 , the electrical conductivity of a homogeneous ͑alloy͒ nanowire increases monotonically with increasing Fermi energy ͑or electron density͒, while that for the superlattice nanowires exhibits nonmonotonic variations, with local minima corresponding to the minigaps in the density of states ͑see Fig. 4͒. In Fig. 5 , the Seebeck coefficient of superlattice nanowires also shows unusual behaviors due to the existence of the minigaps. We note that for alloy nanowires, the Seebeck coefficient is always negative, and the magnitude diminishes rapidly with increasing Fermi energy, except for some small fluctuations near the subband edges. Interestingly, for superlattice nanowires, the Seebeck coefficient not only shows strong oscillations near the minigaps, but it also becomes positive for certain energy ranges. This sign change in the Seebeck coefficient as the Fermi energy varies has important implications, indicating that the superlattice nanowires may be tailored to exhibit n-or p-type properties, using the same dopants ͑e.g., electron donors͒ by carefully controlling the Fermi energy or the dopant concentration. More importantly, we also note that the Seebeck coefficient extrema of superlattice nanowires have substantially larger magnitudes for Fermi energies near the minigaps with only slightly reduced electrical conductivity compared to alloy nanowires ͑see Fig. 5͒ , which is a direct consequence of the unique potential profile in the transport direction. It is noted that a similar behavior of enhanced Seebeck coefficient due to miniband formation has also been predicted by Balandin and co-workers for 3D quantum dot array structures, 13 showing the impact of the periodic potential perturbation on transport properties. These observations are significant because they not only illustrate one of the advantages of superlattice nanowires for thermoelectric applications, but they may also account for the enhanced Seebeck coefficient and power factor (S 2 ) measured in quantum dot array systems and reported by Harman et al., since both systems have similar periodic potential structures in the direction of carrier transport.
In order to obtain the thermoelectric figure of merit for the superlattice nanowires, Eqs. ͑23͒-͑29͒ are employed to calculate the lattice thermal conductivity. The heat capacity and the sound velocity of these lead salts, which are essential parameters in determining the phonon mean free path ͑mfp͒ in bulk materials, are inferred from the Debye temperature D using the Debye model for the phonon dispersion relations. Table VII lists the Debye temperature, lattice thermal resistivity 1/, and the calculated phonon mean free paths ⌳ for various bulk lead salts at 77 K.
With the lattice thermal conductivities thus obtained, Fig.  6 shows the calculated ZT as a function of Fermi energy for ͓001͔ PbSe ͑5 nm͒/PbS ͑5 nm͒ superlattice nanowires, and for the corresponding PbSe, PbS, and PbS 0.5 Se 0.5 alloy nanowires with diameters d w ϭ10 nm at 77 K, showing an enhancement in ZT for superlattice nanowires over alloy or pure lead salt nanowires. At the appropriate placement of the Fermi energy, optimal ZT values of 0.65, 0.46, 0.36, and 0.22 are obtained for PbSe/PbS superlattice nanowires, PbS 0.5 Se 0.5 alloy, PbSe, and PbS nanowires, respectively. Compared to homogeneous nanowires, there are more pronounced ZT extrema as a function of Fermi energy for superlattice nanowires due to the unusual Seebeck coefficient features in superlattice nanowires discussed earlier ͑see Fig.  5͒ . It is interesting to note that, in Fig. 6 , the second ZT maximum for superlattice nanowires corresponds to a positive Seebeck coefficient, whereas the first and the third peaks have negative Seebeck coefficients. Since the sign of the Seebeck coefficient is critical in determining the direction of heat and current flows for thermoelectric devices, this sign should be carefully identified in determining the optimal ZT for the superlattice nanowires. Figure 7 shows the optimal ZT for n-type 10-nm-diameter PbSe/PbS superlattice nanowires as a function of segment length (L PbSe ϭL PbS ) for two crystal orientations ͓͑001͔ and ͓111͔͒ at 77 K. For comparison, the inset of Fig. 7 shows the optimal ZT for PbS 0.5 Se 0.5 alloy nanowires calculated as a function of wire diameter at 77 K. At a diameter d w ϭ10 nm, the optimal ZT values are 0.46 and 0.39 for ͓001͔ and ͓111͔ alloy nanowires, respectively. We note that for both the PbSe/PbS superlattice and PbS 0.5 Se 0.5 alloy nanowires, the nanowires oriented along the ͓001͔ direction possess a slightly higher ZT than ͓111͔ wires, possibly due to a higher density of states and smaller transport effective masses for ͓001͔ wires resulting from the four degenerate carrier pockets. As indicated in Fig. 7 , the thermoelectric performance of the 10-nm superlattice nanowires increases rapidly as the segment length decreases, with ZT values higher than those of the corresponding alloy nanowires for segment lengths р7 nm. However, it is also noted that for longer segment lengths (L PbSe ϭL PbS Ͼ7 nm), these superlattice nanowires exhibit a lower ZT than alloy nanowires, which may be due to a lower lattice thermal conductivity in the alloy nanowires. It is interesting to note how the thermoelectric performance of these superlattice and alloy nanowires, which contain the same number of Pb, S, and Se atoms, can be tailored by controlling the spatial arrangement ͑alloy vs periodic segments͒ of these constituent species. Figure 8 displays the optimal ZT for n-type 5-nmdiameter PbSe/PbS superlattice nanowires as a function of segment length (L PbSe ϭL PbS ) for two crystal orientations at 77 K, showing an oscillatory ZT behavior as the segment length varies. For comparison, the ZT values for 5-nmdiameter PbS 0.5 Se 0.5 alloy nanowires are calculated as 1.7 and 1.4 for the ͓001͔ and ͓111͔ orientations ͑see the inset of Fig. 7͒ , respectively. These ZT oscillations, which are absent or insignificant in larger diameter superlattice nanowires ͑see Fig. 7͒ , are due to the larger subband separation as the wire diameter decreases. For example, the inset of Fig. 8 depicts the density of states for a 5-nm-diameter PbSe ͑10 nm͒/PbS ͑10 nm͒ superlattice nanowire oriented along the ͓001͔ direction, showing that only one subband contributes to the transport properties in the energy range of importance, since the onset of the second subband does not appear until E Ͼ1000 meV. In contrast, the density of states of 10-nmdiameter PbSe/PbS superlattice nanowires ͑see Fig. 4͒ exhibits a much more complicated energy dependence due to the superposition of multiple subbands in the energy range of optimal ZT. Therefore, for small diameter superlattice nanowires, their transport properties are mainly determined by the bandwidths of the minibands and the minigaps, which are highly dependent on the segment length, instead of the diameter-dependent subband energies. As shown in Fig. 2 , the miniband and the minigap structure of one subband evolves from that of the alloy limit to the classical limit as the segment length increases, resulting in an oscillatory optimal ZT due to the variation in the widths and gaps of the minibands. However, for larger-diameter superlattice nanowires, this ZT oscillation as a function of segment length becomes smeared out due to the averaging effect of the contributions from multiple subbands. In Fig. 8 , the optimal segment length for 5-nm-diameter PbSe/PbS superlattice nanowires is about 3 nm for both ͓001͔ and ͓111͔ orientations, with optimal ZT values of 4.4 and 3.7, respectively, which are much higher than the optimal ZT of 10-nmdiameter superlattice nanowires.
Since the lead salts have valence-band structures similar to their conduction bands, p-type lead salt superlattice nanowires are expected to exhibit similar thermoelectric performance in comparison to their n-type counterparts. Figure  9 calculates optimal ZT of p-type PbSe/PbS superlattice nanowires as a function of the segment length (L PbSe ϭL PbS ) for two different wire diameters and crystal orientations, showing comparable ZT values and a similar dependence on the segment length to that for the n-type PbSe/PbS superlattice nanowires. The optimal ZT values for 5-nmdiameter p-type PbSe/PbS superlattice nanowires are calculated as 6.2 and 4.4 with segment lengths ϳ2 nm and ϳ3 nm for ͓001͔ and ͓111͔ orientations, respectively. We note that p-type PbSe/PbS superlattice nanowires have optimal ZT values, slightly higher than the n-type wires, which may be due to the smaller effective masses for holes than for electrons in PbSe and PbS ͑see Table V͒.
The thermoelectric performance of superlattice nanowires consisting of PbTe and PbSe segments is also calculated. Figure 10 shows the optimal ZT of n-type PbSe/PbTe superlattice nanowires as a function of segment length (L PbSe ϭL PbTe ) for different diameters ͑5 nm and 10 nm͒ and crystal orientations ͓͑001͔ and ͓111͔͒ at 77 K. As indicated by Fig. 3 , PbTe nanodots always consitute the potential barrier region in PbTe/PbSe superlattice nanowires, regardless of the wire diameter. We note that, in addition to the 5-nm-diameter nanowires, the oscillatory ZT behavior, although weaker, is also observed in the 10-nm PbSe/PbTe superlattice nanowires because of smaller effective masses and larger subband separations for PbTe. The optimal segment lengths for 5-nmdiameter PbTe/PbSe superlattice nanowires are both about 2 nm for ͓001͔ and ͓111͔ orientations, with optimal ZT values of 6.4 and 8.1, respectively. Compared with the results for PbSe/PbS superlattice nanowires in Fig. 7 , we note that the PbSe/PbTe superlattice nanowires usually possess better thermoelectric performance than their PbSe/PbS counterparts, which may be due to the better thermoelectric proper- ties for PbTe than for PbS in bulk form. In addition, the higher carrier anisotropy and smaller effective masses in PbTe than in PbS ͑see Tables II and V͒, which provide a larger density of states and lighter transport effective masses in nanowires, may also account for the higher ZT observed in PbTe/PbSe superlattice nanowires. Table VIII summarized the optimal ZT (n and p types͒ and the corresponding segment lengths for PbSe/PbS and PbSe/PbTe superlattice nanowires at 77 K. We notice that p-type PbSe/PbTe superlattice nanowires possess a lower ZT than their n-type counterparts, in contrast to the case of PbSe/PbS superlattice nanowires, which may result from the larger effective masses and lower mobilities for holes than for electrons in PbTe ͑see Tables II and VI͒. The calculations shown so far are made assuming an equal segment length for the two constituent materials. However, for a given period length LϭL A ϩL B for superlattice nanowires, the thermoelectric performance may be further optimized by adjusting the length ratio of the two materials. As an example, Fig. 11 shows the calculated ZT for 5-nmdiameter n-type PbSe/PbS superlattice nanowires as a function of the PbSe segment length L PbSe at a given period, L ϭL PbSe ϩL PbS ϭ10 nm, along two crystal orientations at 77 K. The optimal ZT of 5-nm-diameter PbSe and PbS nanowires at 77 K are also shown in Fig. 11 for ͓001͔ and ͓111͔ orientations as circles and squares, respectively. From Fig.  11 , we see that a higher ZT can be achieved for PbSe/PbS superlattice nanowires with unequal segment lengths for PbSe and PbS nanodots. For ͓001͔ orientations, PbSe ͑2 nm͒/ PbS ͑8 nm͒ superlattice nanowires have the highest ZT of 3.3, while PbSe ͑3 nm͒/PbS ͑7 nm͒ superlattice nanowires are optimal for the ͓111͔ orientation with ZTϳ2.8. As a comparison, for L PbSe ϭL PbS ϭ5 nm, the optimal ZT values of corresponding ͓001͔ and ͓111͔ superlattice nanowires are calculated as 3.0 and 2.7, respectively. We note that since the electronic band structure and the lattice thermal conductivity of superlattice nanowires are highly dependent on the wire diameter, segment lengths, and the transport properties of their constituent materials, this optimal length ratio for the two components is not universal and may vary for different period lengths and wire diameters. Physically speaking, superlattice nanowires with unequal segment lengths may possess better thermoelectric properties than the ones with equal segment lengths because the thermal resistivity and/or thermopower can be maximized by increasing the length of materials with desirable attributes without losing the advantage of the superlattice structure.
According to Table VIII , we found that the optimal ZT is usually achieved for segment lengths as short as 2 nm for lead salt superlattice nanowires at a diameter of 5 nm. However, it is necessary to check these length scales for internal consistency with the model assumption. First, since the lattice constants of these lead salts are about 5 Å, there are ϳ400 unit cells in a nanodot with a diameter of 5 nm and segment length of 2 nm, validating the application of the effective mass theorem and the band-structure parameters used in the model calculation. In addition, the values defined in Eq. ͑16͒ are calculated as ϳ0.4 and 0.5, respectively, for the first subband of 5-nm-diameter ͓001͔ PbSe ͑2 nm͒/ PbS ͑2 nm͒ and PbSe ͑2 nm͒/PbTe ͑2 nm͒ superlattice nanowires. Based on the criteria (р0.1) for the alloy limit from previous discussions, these superlattice nanowires are not in the alloy limit, and they do possess a unique electronic band structure that is dramatically different from that for a simple nanowire, and this unique band structure partly accounts for their superior performance when compared to their corresponding alloy nanowires. Recently, Bjork and coworkers have fabricated InP/InAs superlattice nanowires with atomically perfect interfaces by chemical beam epitaxy 18 for segment lengths as short as 1.5 nm, indicating that the proposed superlattice nanowire structures that are here discussed for thermoelectric applications may be achieved experimentally. Experimental studies of these nanowires, especially their carrier mobility, carrier concentration, and the interface and wire boundary conditions, are important in order to check the validity of the assumptions made in model calculations, such as are given here, and to further improve the values of the parameters used in such model predictions.
IV. CONCLUSIONS
In this paper, we present a model for superlattice nanowires to calculate their electronic band structure and trans- port properties. The model considers the quantum confinement effects due to a cylindrical wire boundary and the formation of 1D subbands of anisotropic carriers. The dispersion relation of each subband in the superlattice nanowire is derived using the Kronig-Penney potential model, and exhibits very different features depending on the segment length. It is found that the electronic band structure of superlattice nanowires of very short and very long segment lengths can be well approximated by the superpositions of simple 1D band structures to substantially reduce the required computational complexity.
The thermoelectric properties of superlattice nanowires made of various lead salts ͑PbS, PbSe, and PbTe͒ are investigated based on the electronic band structure model described above and on the 1D Boltzmann transport equations. Due to the electron mass differences between different materials, the potential barrier-well inversion induced by quantum confinement, which is a unique phenomenon in superlattice nanowires, is observed as the wire diameter decreases. The thermoelectric figure of merit, ZT, of these superlattice nanowires is found to be highly dependent on the segment length, wire diameter, crystal orientation, selection of material constituents, Fermi energy, and the segment length ratio. It is found that ZT generally increases with decreasing wire diameter and with decreasing segment length before the alloy limit is reached. As a general guidance for thermoelectric applications, it is usually desirable to design superlattice nanowires composed of materials that have ͑1͒ semiconducting band structures, ͑2͒ low interdiffusion at the interface for effective carrier confinement to occur, and ͑3͒ multiple carrier pockets with high anisotropy to achieve a large density of states and small transport effective masses simultaneously.
For PbSe/PbS superlattice nanowires, ZT values higher than those of PbS 0.5 Se 0.5 alloy nanowires are possible for segment lengths L PbS and L PbSe smaller than ϳ10 nm, with an optimal ZTϾ4 for 5-nm-diameter PbSe/PbS superlattice nanowires. PbTe/PbSe superlattice nanowires are expected to possess even better thermoelectric performance than the corresponding PbSe/PbS systems with values as high as ZT Ͼ6 for optimal doping because of a larger carrier anisotropy and smaller effective masses in PbTe. The results indicate that superlattice nanowires are promising systems for thermoelectric applications, when the nanowires are properly doped and designed. For the lead salt superlattice nanowires studied here, it is necessary to choose segment lengths smaller than the wire diameter in order to have higher ZT values than for their corresponding alloy nanowires, and for 5-nm-diameter superlattice nanowires, the optimal segment length is ϳ2 -3 nm. For a given superlattice period, model calculations show that the ZT can be further improved by adopting different segment lengths for the two constituent materials. The model developed here not only makes predictions for the optimal parameters ͑segment length, diameter, materials, and doping level͒ for thermoelectric applications, but it can also be extended to other superlattice systems, such as 3D quantum dot arrays. Furthermore, the theoretical foundation given here also provides a general framework to study properties of interest for other applications of superlattice nanowires. It should be noted that, although the results derived from the theoretical calculations are found to be selfconsistent with the model assumptions, transport measurements on realistic superlattice nanowires, which, to the authors' knowledge, are not currently available, would provide valuable information to verify the important approximations and predictions ͑e.g., the Kronig-Penney potential for subbands and the potential barrier-well inversion͒, and to further improve the theoretical model.
